In the present work surface roughness of copper samples after mechanical surface preparation processes (polishing, grinding, sand-blasting) and after exposure in non-oxidizing (high purity argon) and oxidizing (air) conditions at 700 and 750°C have been evaluated by contact profilometer and by fractal analysis. Quantitative description of surfaces that are hidden from the sight of conventional methods is possible by fractal analysis, e.g. in the present work, the roughness of Cu 2 O/Cu boundary has been evaluated under oxide layer. It has been pointed out, that in both oxidizing and non-oxidizing conditions initial surface roughness of copper is affected by annealing at high temperature: at 700°C surface roughness of polished and ground samples increased but at 750°C decreased in comparison to surface roughness prior to heat treatment. For sand-blasted samples in both oxidizing and non-oxidizing conditions the lowest values of surface roughness parameters were obtained at 750°C. It is then concluded that two phenomena are responsible for such effect: chemical reaction between copper and oxygen and surface diffusion of copper due to high temperature of annealing.
1.Introduction
Copper is widely used as an interconnector in ultralarge-scale integration devices, due mainly to its excellent electric conductivity [1] [2] [3] . Moreover, copper oxide is characterized by an appropriate band gap for using it, e.g. as solar cells [4] [5] [6] . However, in most of applications copper must have stable, oxide-free surface, which is not easy to achieve in practice [3] .
Development of the methods, that may enable for improving the stability of surfaces require better understanding of the behavior of copper at high temperatures [2] .
Processes, that occur on the copper surface change, when material is exposed to oxygen-rich environment. Proceeding reactions at high temperature appear in the following order: oxygen chemisorptions on the clean metal surface, nucleation of the oxide and its growth. Everything is followed by bulk oxide growth [5] . Oxidation of copper is an effect of outward diffusion mechanism of Cu cations via vacancies. The product of oxidation process is Cu 2 O oxide, which may further oxidize to CuO oxide [7] [8] [9] . It is well established, that above 600°C oxidation process proceeds mostly due to lattice diffusion. At lower temperatures, a great contribution to the overall oxidation rate makes grain boundary diffusion, which enables copper or oxygen atoms to diffuse easily through the oxide layer [9] . Different ratio between oxide thicknesses (Cu 2 O to CuO) obtained after oxidation of the sample of the same material in the same conditions means, that different diffusion mechanism is observed, due to different number of defects and grain boundary in Cu 2 O layer [10, 11] . However, it is not known, how different number of defects and grain boundaries on the surface of pure copper affects the number of defects in Cu 2 O layer and therefore the kinetics of oxide growth. So, even though oxidation of copper in air has been extensively studied by many authors [12] [13] [14] , there are difficulties in comparison of the results obtained in particular studies due to different purity of copper, its surface roughness and number of defects present in the near-surface region. Also the temperature, humidity, oxygen partial pressure, grains orientation and presence of impurities may significantly affect the oxide growth, especially in the initial stages of oxidation [5] .
Mechanical surface preparation processes have a great influence on surface roughness and the state of the material. For instance, it has been proved, that diffusion rate of chromium in stainless steel may be enhanced by ball milling as a result of grain refinement and increased number of grain boundaries [15] . Moreover, surface roughness tends to have an influence on oxidation rate of nickel superalloys [16] . Oxidation resistance of pure copper is also affected by increased surface roughness and number of defects. Therefore, surface preparation process of components made out of copper is of prime importance in further applications [17, 18] .
Influence of polishing, grinding and sand-blasting processes on oxidation kinetics of copper samples at 650-750°C has been studied in our previous work [18] . It had been noticed that the boundary between sand-blasted copper and its oxide smoothed significantly after exposure for 2 hours at 750°C. The authors proposed, that the effect may be connected with simultaneous inward and outward diffusion of oxygen and copper, respectively. However, the smoothening of copper surface may occur as well as the consequence of surface diffusion of copper at high temperature [19] or recrystallization processes [20] .
Thus, the aim of this paper is to study changes in surface roughness of polished, ground and sand-blasted copper samples between cooper and its oxide after exposure for 2 hours in air at 700 and 750°C. Then, comparison of the results with roughness of the same prepared samples after exposure for 2 hours in an inert gas (argon) was performed. Therefore, a relationship between surface roughness and copper's behavior at high temperature was established.
Roughness had been described mostly by fractal analysis method which is an easy way of evaluation of surface roughness under oxide layer. Such analysis may not be performed by contact profilometer without destroying the oxides.
Material and methods

Surface preparation
Block of high purity copper (99,9999 at. % Cu) had been cut into rectangular samples with the dimensions of approximately 13 x 14 x 2 mm. The small hole (2 mm in diameter) was drilled close to the center of top edge of all of the samples to hang them in the furnace (Fig.   1 ). Samples were then prepared in three different processes: polishing, grinding and sandblasting. First sample had been ground mechanically using SiC papers with increasing gradation of the grain from 220 grit to 1200 grit. Polishing was performed using woven clothes with decreasing gradation of SiO 2 suspension, starting from 6 μm and finishing on 1 μm. Ground samples were prepared on SiC paper with the grain size of 220, while sandblasted samples were initially ground on that paper and then sand-blasted with alumina (Al-2 O 3 ) particles within compressed air (0,8 MPa). After mechanical preparation of the surface and prior to heat treatment under different conditions, samples were cleaned in ethanol using ultrasonic cleaner. One set of samples (polished, ground, sand-blasted) was used for surface roughness evaluation. The macrophotograps of the samples after these steps are presented in grinding, c) sand-blasting
Surface roughness evaluation
Surface roughness of the substrate has a great influence on the adhesion of thermally sprayed coatings and therefore on their lifetime [21] [22] [23] , corrosion resistance of many materials [16, 24] , in diffusion bonding [25] and tribological behavior of the surfaces [22, 26] . Accuracy in evaluation of surface roughness and its topography is of great importance in those applications. Therefore, there are many methods that enable for characterization and analysis of surface roughness. Conventional, and most often used one, that provides quantitative data about surface roughness bases on using traditional contact profilometer. In this method, the tip of measuring needle must remain in contact with the characterized surface during whole process. It may cause difficulties in reaching all the irregularities of convoluted surfaces as some of the deep valleys may be hidden under some overhangs. This is one of the most crucial limitations of contact profilometers [27, 28] .
Fractal analysis is one of the promising methods of describing surface roughness in quantitative way. Many different software are used for surface roughness evaluation by this method. All of them base on digital image analysis. It ensures that no deep valley on convoluted surface will be left "blind" during analysis [29] .
The most often used fractal, quantitative parameter is fractal dimension, which may describe morphology of the surface, its roughness and texture [29, 30] . Even though, fractal evaluation of surface roughness has its limitations, mostly connected with repeatability of image acquisition and processing of image adjustments, it is more often used as a method of evaluation of surface roughness as it gives more information about surface complexity [30] .
Contact profilometer
The most popular amplitude parameter that enables for comparison of surface roughness of different samples is arithmetic average height R a . It may be calculated by the following equation:
where nnumber of intersection of the profile at the mean line, y ithe vertical distance from the mean line [31] .
In the present work, surface roughness had been measured conventionally by Hommel Werke T8000 profilometer. For each sample 5 different measurements had been performed, which enabled for calculating average value and standard deviation of the results. The direction of measurement was indifferent for polished and sand-blasted samples, as their surface topography was isotropic. In case of ground sample, the measurement was carried out perpendicularly to the grinding scratches. The conditions of measurements were as follows:
traverse set -4 mm, linear speed -0.5 mm/s.
Fractal analysis
Fractal theory has been recently used to investigate irregular surfaces, e.g. for evaluation of fractal roughness in nanoscale grinding [32] , turning [33] and quantification of metallic corrosion [30, 34] . This mathematical method bases on possibility of describing self-similar objects, by using one of a scales, that may be defined by apparent length of a surface profile.
Such scale depends only on the size of the apparatus, which is used for measuring the scale.
Relative length L R can be calculated by following equation: The fractal parameters, that describe the surface roughness, e.g. fractal dimension FD can be evaluated from plots of relative length in the function of scale ( Fig. 2b) . Thus, fractal dimension is defined as:
Correlation between fractal dimension parameter and the slope of relative length L R vs. scale r plot means, that the more convoluted the surface is, the highest value of FD is obtained [35] .
Roughness analysis by fractal method requires performing a few steps [29, 35] : In this paper, 5 microphotographs were taken at different places on the sample, which were then analyzed according to the above mentioned procedure. The average value of surface roughness parameters were calculated for each sample.
Heat treatment
After surface preparation two sets of the samples had been subjected to high temperature exposure in non-oxidizing and oxidizing conditions for two hours (one set of samples was composed out of three samples: polished, ground and sand-blasted).
Oxidizing process
Oxidation process had been carried out in thermogravimetrical furnace Xerion in air at 700°C and 750°C. Samples were hanged inside the glass tube in the furnace (one sample at a time) on the kanthal wire. Furnace had to be preheated to the required temperature, prior to oxidation test. After reaching the required value, the heating part of the furnace was moved from cooling to heating position. The samples had been taken out of the furnace and cooled to the room temperature after 2 hours of oxidation.
Non-oxidizing conditions
The annealing process was carried out at 700 and 750°C in argon atmosphere -prior heating the samples were flushed with high purity argon (5.0) for 2 hours to evacuate remainders of air out of the furnace. Samples had been then transported into hot part of the furnace, preheated earlier to 700 and 750°C, respectively. During whole process the inert gas (high purity argon) was used for protection of copper against oxidation. After two hours of heating, samples were moved back to the cold section of the furnace and left there for cooling to the room temperature.
Analysis and observations
Prior to heat treatment processes, the surface roughness of the samples had been evaluated using two methodsconventional contact profilometer and fractal analysis method. After the oxidation process the samples were sputtered with thin gold coating for oxide protection and for increasing the contrast between the formed oxide scale and resin during microscopic observations. Surface roughness of the samples after exposure in argon were additionally measured by conventional contact profilometer.
After heat treatment, metallographic cross-sections of the samples had been prepared and observed using scanning electron microscope Hitachi S3400 (SEM) and optical microscope Nikon Epiphot 300. The microphotographs obtained using optical microscope were also the base for fractal analysis of the surface roughness after heat treatment.
Results
Surface roughness prior to heat treatment
Mechanically prepared surface of copper samples had been examined in terms of its roughness. Firstly, conventional contact profilometer had been used. Arithmetic average height parameter (R a ) has shown the great differences between the samples: polished one has been characterized by the lowest surface roughness, almost 70 times lower than sand-blasted one and 30 times lower than ground sample. Comparison of results obtained by conventional contact profilometer are presented in Fig. 3 and in Table 1 . Surface roughness had been also analyzed using fractal analysis. Procedure of evaluation of surface roughness by this method resulted firstly in preparation of binary scale images of surface profiles (Fig. 4 ), then the procedure described in chapter 2.2.2 was followed and consequently plots of relative length L R as a function of relative scale r were produced (Fig.   5 ). The results confirmed the differences in roughness of the surfaces obtained during different surface preparation processes. The fractal parameters are presented in Table 2 . 
Results of surface analysis after oxidation process
The polished sample after exposure in air for 2 hours at 700°C presented lower mass gain, than polished sample oxidized at 750°C (Fig. 6 ). The differences in mass gain was not significantly visible for ground samples, while sand-blasted samples demonstrated opposite trend to polished samplethe sand-blasted one oxidized at 750°C presented 2.5 times greater mass gain that the one oxidized at 700°C [18] . 4 ) has shown vividly a great difference in surface profilesthe higher temperature of oxidation, the greater smoothening of the surface of sand-blasted surface was observed ( Fig.   4c , Fig. 8c, f) . Values of fractal dimension (FD) and Relative length (L R ) at 5 μm are presented in Table 3 .
The comparison of the relative length vs. scale plots after surface preparation and below the oxide layer after oxidation process is shown in Fig. 9 .The differences in fractal parameters of surfaces under oxide layer are not visible for polished samples. However, at lower temperature (700°C) the average surface roughness of copper was higher below the oxide layer than before oxidation process (Fig. 9a ). The decrease of roughness after exposure at 750°C was observed when compared to the initial value (in the as-prepared conditions).
Similar observations were made for ground sample, but the plot of relative length vs. scale obtained for sample after oxidation at 700°C prevailed only at low values of scale length (Fig.  9b ). However, there is visible decrease in fractal dimension and relative length values after oxidation for ground sample. Nevertheless, there is no significant difference between values of these parameters depending on the temperature of oxidation.
Temperature of oxidation has influence on roughness of copper surface under oxide layer for sand-blasted samples. For these samples, meaningful decrease in values of FD and L R parameters ( Table 3) as well as in the slope of L R vs s plot (Fig. 9c) between samples oxidized at different temperatures was observed. The lowest surface roughness was shown for sandblasted sample oxidized at the highest temperature (750°C). The small, round and regular recrystallized grains (Fig. 10a ) are visible. Annealing of polished sample at 750°C resulted in further recrystallization process (Fig. 10d) . The surface is covered with recrystallized grains, which are bigger and more irregular than these observed at lower temperature. Less differences are visible on ground samples (Fig. 10b, e ). The macrostructure of these samples did not change significantly and the scratches after surface preparation in grinding process are still visible. Surface of sand-blasted samples were also not remarkably affected by high-temperature exposure in argon (Fig. 10c, f) .
The surface roughness results obtained by the contact profilometer, compared to the results after surface preparation processes (Fig. 3 , Table 1 ) are presented in Table 4 and in Fig. 11 (y-axis scale is different for polished, ground and sand-blasted samples). The differences in R a parameter are not statistically substantial for ground and sand-blasted samples. However, polished sample that was exposed in argon at 700°C revealed almost a double increase in R a parameter in comparison to others. This effect may be connected with proceeding recrystallization process and surface diffusion of cooper.
Fractal analysis of the samples exposed in argon based on the binary scale images presented in Fig. 12 . The comparison of these scales images with the images in as-prepared condition shows, that the profiles of polished and ground surfaces are slightly more convoluted after heat treatment. Moreover, the fractal parameters were established ( Table 5 ) and plots of relative length vs.
scale were prepared (Fig. 13 ). The differences in slope of the plots of L R vs. r are not significant for polished and ground samples. However, the slope for the samples exposed at the 750°C is in both situations lower than for others. (Fig. 13a, b ). This trend may be also visible for sand-blasted sample, where the lowest value of L R was observed at the same scale r for sample after exposure in argon at 750°C and significantly the highest for the sample after surface preparation processes (Fig. 13 ). This information finds its confirmation in fractal parametersboth FD and L R parameters has the lowest value for sample exposed in argon at 750°C and the highestafter surface preparation (Table 5 ). Similar observations may be made for FD parameter of ground sample, even though the differences between particular samples are not high. However, for polished sample, the highest value of fractal parameters is observed for sample exposed in argon at 700°C (Table 5 ). This observation is in good agreement with the value of parameter R a , calculated by contact profilometer (Table 4 ). 
Discussion
Depending on initial roughness of copper and temperature of oxidation, the exposure of copper samples in oxidizing environment has a different influence on the Cu/Cu 2 O boundary.
The roughness after oxidation was higher than in as-prepared condition at lower temperature for polished and ground samples (Fig. 9a, b ). The significant drop in slope of relative length vs. scale plot was observed after oxidation at 700°C (Fig. 9c ) for sand-blasted sample. The lowest roughness was observed after oxidation at 750°C for all of the samples.
Decreasing roughness of Cu/Cu 2 O interface may be caused by two main factors: chemical reaction between oxygen and copper or surface diffusion of copper atoms. The surface diffusion results in decreasing surface roughness as presented for samples exposed in an inert atmosphere. The results of R a parameters differed for polished sample exposed in an inert gas at 700°C ( Fig. 11 ) and recrystallized grains were visible on the macrophotographs of the samples (Fig. 10 a-b and d-e ). However, no significant differences in fractal parameters describing surface roughness were observed for polished and ground samples ( Table 5 , Fig.   13a , b). It means that the temperature alone is not a determining factor causing the effect of decreasing roughness of initial copper boundary. However, for the sand-blasted sample (Fig.   13c ), the higher the temperature of heat treatment was, the lowest value of surface roughness was obtained. It proves that the rate of surface diffusion of copper atoms is great enough for observation of changes in roughness for more convoluted surfaces, as the cold deformation, e.g. in grinding processes, increases the density of dislocations in the subsurface and introduces additional energy, which further increases the rate of outward diffusion of metallic atoms. Moreover, defects such as dislocations and grain boundaries make nucleation and growth of oxides on rough surfaces easier [37, 38] .
In the literature, there is a theory, that around each oxide island there is an active zone of oxygen capture, which radius is proportional to the oxygen surface diffusion rate [39, 40] and that initial stages of oxidation is limited by oxygen surface diffusion [39] . After exposure at 700°C, the (110) clean, rough copper surface presented the higher density of occurrence of oxide islands, that also nucleate faster, even though grow laterally slower than oxide islands on smooth surfaces [5] . Enhanced surface roughness may hinder the mobility of oxygen surface diffusion, which causes higher density of oxide islands and consequently slows oxidation kinetics [41] .
The above mentioned theory had been examined and verified in this study for samples oxidized at 700°C -polished sample presented the highest mass gain, while sand-blasted one the lowest (Fig. 6 ). However, experimental results are in contradiction to the theory at 750°Cthe highest mass gain was observed for sand-blasted sample and the lowest for polished one (Fig. 6 ). There are few explanations of such effect. The mobility of oxygen on the surface is greater at higher temperature, also connection of oxide islands is more favorable than creation of new nuclei [40, 41] . It explains big, columnar grains of Cu 2 O on polished and ground samples (Fig. 7) .
Behavior of sand-blasted sample at 750°C is substantially more complicated. First of all, the effect of temperature and diffusion of copper atoms as a result of high-temperature annealing is not enough for smoothening Cu/Cu 2 O interface to the level observed in Fig. 8f , which means that such effect is possible due mostly to chemical reactions between copper and oxygen. Moreover, as the theory says, the increased roughness may hinder surface oxidation and addition of new oxygen atoms to oxide islands. Instead, new oxide nuclei are formed, which result in creation of many small oxide grainsexactly as it is visible in Fig. 7f .
Because sand-blasted sample is characterized by the greatest surface roughness and deformation, the density of grain boundaries and dislocations is also the greatest within it, which in addition to greater mobility of atoms at higher temperature results in greatest mass gain for this sample.
The issues that are connected with nucleation of new oxide islands and their growth are complicated and require extensive studies using sophisticated methods such as transmission electron microscopy (TEM) and its derivatives or scanning tunneling microscopy (STM) that provide atomistic information about behavior of copper at high temperature. Although fractal analysis is not a perfect method it is also simple and cheap and enables for visual and quantitative demonstration of changes that appear on the initial copper boundary and therefore for better understanding of surface reactions that may lead for further, more efficient research.
Conclusions.
1. Results of surface roughness of copper samples after polishing, grinding and sandblasting processes measured by contact profilometer and evaluated by fractal analysis revealed similar trends: polished sample is characterized by the lowest values of roughness parameters and sand-blasted by the highest. The differences in surface roughness between polished and ground samples is much greater while measuring it by contact profilometer than basing on fractal analysis of binary scale images.
2. After oxidizing of polished and ground samples at 700°C, roughness of Cu/Cu 2 O boundary is higher than before heat treatment. However, the same prepared samples after exposure at 750°C presented the lowest value of roughness parameters. For sandblasted samples increase in temperature resulted in the lowest roughness.
3. No significant differences in surface roughness of copper were observed for polished and ground samples after exposure in an inert gas at 700 and 750°C. For sand-blasted sample, important differences were notedthe higher the temperature of heat treatment was, the lowest value of surface roughness was obtained.
4. In case of sand-blasted sample two phenomena are responsible for smoothening of Cu/Cu 2 O boundarychemical reaction between copper and oxygen and surface diffusion of copper due to high temperature annealing. The mobility of atoms at higher temperature is greater, so that the effect is substantially more visible at 750°C.
Surface diffusion of copper atoms has very little contribution in changing surface
roughness of Cu/Cu 2 O boundary for polished and ground samples. Smoothening of the initial boundary of cooper substrate for these samples is caused mainly by chemical reaction between copper and oxygen in oxidation process.
6. Fractal analysis seems to be a useful tool for evaluation of surface roughness of surfaces that are unavailable for measuring while using conventional contact profilometer. The method provides also many information on complexity of surface, which may lead for better understanding of materials' behavior at high temperature .
